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Manganese oxides with different crystalline phases and morphologies were prepared by calcining MnCOj; precursors. The
MnCO; precursors with different morphologies were obtained through a green route under hydrothermal conditions with or-
ange pericarp extracting solution as the reducing agent. By calcining the precursor under different temperatures and atmos-
pheres, MnO, with different stoichiometric ratios (i.e., MnO, MnO,, Mn,0;, and Mn3;0,) can be obtained. Electrochemical
studies reveal that among these manganese oxides, MnO or MnO, are more suitable as supercapacitor working electrodes than
Mn,05 or Mn;0,. They exhibit high specific capacitance up to 296.6 F/g and also possess good cycling stability, which make

them potential electrode materials for supercapacitors.
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1 Introduction

With the development of the automobile industry, electronic
technology and sustainable energy sources, the electrifica-
tion of transportation and large-scale deployment of renew-
able energy have become major topics. Finding satisfactory
electrical energy storage systems has become one of the
most difficult challenges [1,2]. Supercapacitors, because of
their fast charging/discharging rate, sustainable cycling life,
excellent cycle stability, higher power density than batteries,
and higher energy density than conventional dielectric ca-
pacitors, have attracted intense interest recently and are
poised to become the most important next generation energy
storage device [3-6]. As important components of capaci-
tors, electrode materials strongly affect capacitor perfor-
mance. Previously, the widely used electrode materials for
supercapacitors are carboneous materials, hybrid compo-
sites, conducting polymers, and transition-metal oxides

*Corresponding authors (email: qylu@nju.edu.cn; fgao@nju.edu.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2015

[7-9]. Transition-metal oxides such as manganese oxides
(MnO,) have been researched as electrode materials due to
their low cost, environmentally friendliness and superior
capacitor performance. However, limited electric conduc-
tivity and small accessible surface areas are two key weak-
nesses of metal oxide materials [10,11]. Two main ways
have been adopted to solve these problems. Binary compo-
sites (e.g., MnQO,-carbon nanotube [12,13], MnO,-graphene
sheets [14—-16], MnO,-conductive polymers [17-19], vana-
dium metal and cobalt oxide doped MnO, [20,21]) and ter-
nary composites (Au-MnQO,/carbon nanotube [22], MnO,
nanospheres/carbon nanotubes/conducting polymer [23],
Zn,SnO4/MnO, core/shell nanocable-carbon microfiber [24])
of hydrous MnO, have been explored to effectively utilize
and perfect the electrochemical performance of MnO, mate-
rials. However, electrodes made of hydrous MnO, with
conducting polymers have shown mechanical instability and
poor cyclability [10]. For the composites with carbonaceous
materials, enhancement of electrochemical performance can
be accomplished only when small amounts of metal oxide
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are incorporated in the electrode [25]. The design and fab-
rication of ternary composites are also limited due to the
complexity of their synthesis and other unique restrictions.
For practical applications, particularly large-capacitor ap-
plications such as power sources for a hybrid electric vehi-
cle (HEV) or fuel-cell electric vehicle (FCEV), high metal-
oxide concentration in electrodes and high mass-loading of
total active materials are needed. On the other hand, MnO,
materials with nanostructures can provide a relatively short
diffusion path and high surface area to improve the utiliza-
tion of supercapacitor electrodes [23]. Hierarchical nano-
structures and ultrafine nanostructures with diameters of
less than 10 nm have therefore attracted great interest due to
their higher surface areas, which are especially desirable for
supercapacitors [26—28]. Many different methods including
electrochemical route, sol-gel method, and hydrothermal
and solvothermal techniques, have been developed for the
synthesis of MnO, nanostructures [29-31]. We employed a
green chemical route to fabricate a series of manganese ox-
ide nanostructures. By simply refluxing orange pericarp in
distilled water, an extracting solution was generated, which
we then used as reducing agent to react with commercial
KMnOy; fusiform or cubic MnCOj; precursors can be ob-
tained through simple hydrothermal technique. By calcining
the precursor at different temperatures and in different at-
mospheres, fusiform or cubic MnO, nanostructures with
different stoichiometric ratios (e.g., MnO, MnO,, Mn,0;,
and Mn;0,) can be systematically obtained. We also inves-
tigated the influence of morphologies and crystalline struc-
tures on the electrochemical performances of the obtained
MnO, materials as supercapacitor electrodes and found that
MnO and MnO, are more suitable as supercapacitor work-
ing electrodes than Mn,0O; and Mn;0O,.

2 Experimental
2.1 Synthesis

MnCO; precursors were synthesized through the reaction
between pericarp extracting solution and KMnQ,. In a typi-
cal procedure, 12 g of orange pericarp and 150 mL of de-
ionized water were added into a 250 mL round-bottom flask
and refluxed under magnetic stirring at a temperature of
105 °C for 5 h. After cooling to room temperature, the ob-
tained suspension was centrifuged at 4000 r/min; the upper
liquid was the so-called orange pericarp extracting solution.
Next, 10 mL of the extracting solution was transferred into
a Teflon lined stainless steel autoclave and mixed with a
certain amount of KMnQ,. After the solution was stirred for
15 min, the autoclave was sealed and heated at 160 °C for
6 h under hydrothermal conditions. The precipitate product
at the bottom of the autoclave was collected after being
cooled to room temperature and washed with distilled water.
By adding different amounts of KMnOy, to 10 mL of orange
pericarp extracting solution, MnCOj; precursors with dif-
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ferent morphologies were obtained. For the synthesis of
MnO, structures, the as-prepared precursors were heated in
air or in N, atmosphere to 400, 600 and 800 °C with a
ramping rate of 1 °C/min and kept for 1 h.

2.2 Characterizations

Scanning electron microscopy (SEM) images were acquired
on a Hitachi S-4800 (Japan) field-emission scanning elec-
tron microscope at an acceleration voltage of 10.0 kV.
Crystallographic phases of all the products were investigat-
ed by powder X-ray diffraction (XRD) on a Switzerland
ARL X’TAR with Cu-Ka irradiation (1=1.5406 A).

2.3 Electrochemical tests

We systematically investigated the electrochemical perfor-
mances of all of the obtained manganese oxides (MnO,,
including +2, +3, +4 oxides and mixed-valence-state ox-
ides). The MnQ, electrodes were prepared by mixing MnO,
powder (80 wt%) as the active material with acetylene black
(15 wt%) and polytetrafluoroethylene (PTFE, 5 wt%). The
mixture was pressed onto a nickel grid that served as a cur-
rent collector. The typical mass load of such an electrode
material is about 3 mg. Electrochemical performance of the
MnO, electrodes was demonstrated on a CHI 660D electro-
chemical workstation. The standard three-electrode system
was composed of Ag/AgCl as the reference electrode, Pt
filament as the counter electrode, and the as-prepared MnO,
electrode as the working electrode.

3 Results and discussion

Dark brown precipitates were obtained after the orange per-
icarp extracting solution reacted with KMnO, under the
previously described hydrothermal conditions. Figure 1(a)
shows the XRD pattern of the product prepared with 0.079
g of KMnO, and 10 mL of the orange pericarp extracting
solution. All of the diffraction peaks can be indexed as
rhombohedral MnCO; according to JCPDS card No. 44-
1472. The strong, narrow peaks indicate that the aspre-
pared MnCO; was in good crystallinity. No other diffraction
peaks arising from any other impurities could be detected,
which further indicated the high purity of the product. Fig-
ure 1(b), which shows an SEM image of the obtained
MnCOj; crystallites, confirms that the product was com-
posed of a great number of fusiform particles with an aver-
age length of 1 um. From the enlarged SEM image (insert
of Figure 1(b)), it can be seen that the fusiform particles are
composed of many short nanowires. When different
amounts of KMnO, were used to react with 10 mL of the
orange pericarp extraction solution, MnCOj; with different
morphology was synthesized. Figure 1(c), which shows the
XRD pattern of the product prepared with 0.237 g of
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KMnO, and 10 mL of the orange pericarp extracting solu-
tion, also confirms the formation of rhombohedral MnCOQOs.
However, the SEM images shown in Figure 1(d) reveal that
the obtained MnCOj; product was composed of many cubic
particles. It is known that orange pericarp contains large
amounts of carbohydrates and their derivatives that can be
extracted into solution after being refluxed at high tempera-
tures. These molecules, which contain a large number of
hydroxyl groups, serve as effective reducing agents. Under
certain hydrothermal conditions, these molecules reduce
KMnO, to Mn** and the generated CO, can react with Mn**
to form MnCOs; crystallites. These molecules are also a kind
of water-soluble biopolymer and can act as a crystal-growth
modifier. As the amount of the used KMnO, amount changes,
so does the ratio of the biopolymer to KMnOj in the system.
As aresult, the way that biopolymer assembles also changes
and different morphologies of MnCO; are formed.

By calcining the as-prepared fusiform and cubic MnCOj;
precursors in different atmospheres and temperatures, MnO,
nanostructures with different morphologies and crystalline
structures can be obtained. Figures 2 and 3 present XRD
patterns and SEM images of the calcined products prepared
by calcining the two MnCOj; precursors in N, at 400, 600
and 800 °C. According to the XRD patterns and JCPDS
cards, when the fusiform MnCOj; precursor was calcined at
400 °C, it was decomposed and only amorphous manganese
oxide was obtained. After increasing the calcining tempera-
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ture to 600 and to 800 °C, some diffraction peaks appeared
that could easily be indexed to crystalline MnO (JCPDS
card No. 07-0230). The diffraction peaks became narrower
and stronger with the increase of the calcining temperature,
which indicated that the crystalline MnO particles grew
larger at higher temperatures. When cubic MnCOj; precursor
was calcined in N,, however, crystalline MnO nanoparticles
(Figure 2(d, e)) formed when the temperature was 400 or
600 °C. But when the calcined temperature was 800 °C,
another manganese oxide Mn;O, formed according to
JCPDS card No. 24-0734. From the SEM images shown in
Figure 3, it is obvious that the obtained MnQO, samples re-
tained the morphologies of the precursors. But unlike the
precursor with a smooth surface, these MnO, samples had
rough and porous surfaces resulting from the decomposition
of MnCO;. When the calcining atmosphere was changed to
air, the decomposition process of the MnCOj; precursors
changed and two other kinds of manganese oxides could be
obtained. From the XRD patterns shown in Figure 4, MnO,
was obtained when the fusiformed MnCO; precursor was
calcined at 400 °C, whereas Mn,0; was obtained when the
calcining temperature was 600 or 800 °C. For the cubic
MnCOj; precursor, MnO, was obtained at 400 or 600 °C,
and Mn,0O; was obtained at 800 °C. Similar to the results of
the products calcined in N, atmosphere, the obtained MnO,
and Mn,0O; samples retained the morphologies of their pre-
cursors but had rough and porous surfaces resulting from

Figure 1 (a) XRD pattern and (b) SEM image of the obtained fusiform MnCOj; precursor; (c) XRD pattern and (d) SEM image of the obtained cubic

MnCOs; precursor.
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Figure 2 (a—c) XRD patterns of the products prepared by calcining fusi-
form MnCO; precursor in N, at (a) 400, (b) 600 and (c) 800 °C; (d—f) XRD

patterns of the products prepared by calcining cubic MnCOj precursor in
N, at (d) 400, (e) 600 and (f) 800 °C.

the decomposition of MnCO; (Figure 5). The crystalline
phases of the obtained manganese oxides are summarized in
Table 1. The surface properties of nanomaterials are not
only highly dependent upon the crystal shape but also
strongly influence nanocrystal activity in chemical reactions
[32]. The different morphologies of these two MnCO; sam-
ples would be expected to show different surface activities
and lead to different chemical reactions that would generate
different valence states of manganese oxides under the same
temperatures and atmospheres. These results demonstrate
that the green synthesis of MnO, nanostructures can be re-
alized with orange pericarp. It should be mentioned that
other pericarps and naturally occuring plant carbohydrates
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and their derivatives could also be used to achieve green
synthesis.

By calcinating MnCO; precursors in different atmos-
pheres and at different temperatures, we obtained different
manganese oxides with different morphologies that provides
great opportunities for us to systematically investigate their
properties. We fabricated all of these manganese oxides as
supercapacitor working electrodes and evaluated the elec-
trochemical performances by cycle voltammogram (CV)
and galvanostatic charge-discharge measurements in 0.5
mol/LL Na,SO, solution at room temperature. Figure 6(a, b)
shows the typical cycle voltammogram curves of the 12
obtained manganese oxides at a scan rate of 10 mV/s. All of
the samples were found to be of highly reversible and ideal
capacitive nature with rectangular and symmetrical curves
[33,34]. An increasing current magnitude and a more rec-
tangular voltammogram curves indicate better capacitive
and higher electrochemical performances [14]. From our
investigation of the shape and area of the CV curves in Fig-
ure 6(a, b), we found that the obtained MnO or MnO, sam-
ples would had better electrochemical behaviors than other
products (i.e., Mn;O, and Mn,0O3). We also studied the gal-
vanostatic charge-discharge curves of the MnO, products
(Figure S1, Supporting Information online); Table 2 lists
their specific capacitances (SC) calculated from the charge
process. Similar to what we observed from the CV curves,
MnO and MnQO, displayed higher specific capacitances than
Mn,0; and Mn;0,. These results suggest that among these
manganese oxides, MnO and MnO, are more suitable for
supercapacitor working electrodes. In addition, MnO elec-
trodes can acquire higher specific capacitances when the
calcining temperatures are lower and the fusiformed and

N
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Figure 3 SEM images of the products prepared by calcining fusiform and cubic MnCOj; precursors in N, at (a, b) 400, (c, d) 600 and (e, f) 800 °C.
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Figure 4 (a—c) XRD patterns of the products prepared by calcining fusi-
form MnCO; precursor in the air at (a) 400, (b) 600 and (c) 800 °C; (d-f)

XRD patterns of the products prepared by calcining cubic MnCOj; precur-
sor in the air at (d) 400, (e) 600 and (f) 800 °C.

cubic MnO nanostructures obtained at 400 °C show the
highest capacitance values (296.2 and 279.1 F/g, respec-
tively). For the obtained MnO, samples, the specific capac-
itance reached 243.1 F/g when the MnCO; precursor was
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calcined at 600 °C in air. We tested the BET surface area of
the samples (listed in Table 2 with the corresponding spe-
cific capacitances). Although the surface area or the mor-
phology might influence the specific capacitance, the data
clearly show that the decisive factor for the applicability of
electrode materials is the chemical component of the sam-
ples. The rate capability is key for the electrode materials of
supercapacitors. Figure S2 (Supporting Information online)
displays the charge-discharge curves of the four MnO, ma-
terials with good-performances at the current densities of 1,
2, and 5 A/g. At these current densities, the F-N,-4 (MnO)
sample shows better supercapacitor performance than the
others. Its specific capacity remains 134.2 F/g when the
current density increases to 5 A/g. These results demon-
strate that through the green synthesis route and high-
temperature calcination, MnO and MnO, nanostuctures can
be obtained and have potential as working materials for
supercapacitors. Because a long cycle-life is very important
for supercapacitors, we also ran the cycle charge/discharge
tests to examine the service life of the obtained MnO,
nanostructures. Figure 6(c), which displays the specific ca-
pacitances of the MnO, samples with the top four SC values
as a function of cycle number at a current density of 2 A/g

Figure S SEM images of the products prepared by calcining fusiform and cubic MnCOs precursors in the air at (a, b) 400, (c, d) 600 and (e, f) 800 °C.

Table 1 Crystalline phases and denominations of the obtained MnO, nanostructures by calcining MnCO; precursors at different temperatures and in dif-

ferent atmosphere

o . In N, In the air
Calcining conditions
400 °C 600 °C 800 °C 400 °C 600 °C 800 °C
. F-N,-4 F-N,-6 F-N,-8 F-Air-4 F-Air-6 F-Air-8
Fusiforms
MnO MnO MnO MnO, Mn, 05 Mn, 03
Cub C-N-4 C-N»-6 C-N,-8 C-Air-4 C-Air-6 C-Air-8
ubes
MnO MnO Mn304 Mn02 Mn02 Mn203
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Figure 6 (a) CV curves of the obtained fusiform MnO; electrode in the potential region of 0.1-0.5 V at a scanning rate of 10 mV/s; (b) CV curves of the
obtained cubic MnO, electrode in the potential region of 0.1-0.5 V at a scanning rate of 10 mV/s; (c) cycling performances of the MnO, at the current densi-

ty of 2 A/g.

Table 2 SC with current density of 0.5 A/g and specific surface area (SA) of the obtained MnO, nanostructures

. . InN, In the air
Calcining conditions
400 °C 600 °C 800 °C 400 °C 600 °C 800 °C
F-N,-4 F-N,-6 F-N,-8 F-Air-4 F-Air-6 F-Air-8
Fusiforms SC (F/g) 296.2 218.5 49.3 122.5 17.6 23.5
SA (m%g) 106.8 84.9 48.1 102.8 21.2 20.1
C-N-4 C-N»-6 C-N»-8 C-Air-4 C-Air-6 C-Air-8
Cubes SC (F/g) 279.1 93.1 259 754 243.1 8.6
SA (m%g) 37.5 10.2 23 41.2 12.2 4.2

for up to 500 cycles, shows that the obtained MnO or MnO,
electrodes have very good cycle properties that would make
them excellent electrode materials for supercapacitors; in
addition, the specific capacitances even grow a little larger
after the first 500 cycles (possibly due to an electrochemical
activation phenomenon [35]). The electrolyte remains
transparent after the cycling test, which indicated minimal
dissolution of active materials into solutions and maybe the
main cause of the specific capacitance maintenance of
manganese oxide-based capacitors [36].

4 Conclusions

Fusiformed and cubic MnO, nanostructures with different
Mn oxidation states were successfully synthesized by a
simple hydrothermal route and subsequent calcining process
with a green chemistry method by which an extracting solu-

tion of orange pericarp was used as both reducing agent and
growth modifier. With different dosages of manganese ma-
terial, fusiform or cubic precursor MnCO; were obtained.
By calcining the obtained MnCO; precursors at different
temperatures and in different calcining atmospheres, different
MnO, nanostructures (e.g., MnO, MnO,, Mn,O3; or Mn;0,)
were obtained. Electrochemical studies revealed that among
these manganese oxides, MnO or MnO, were more suitable
as supercapacitor working electrodes than Mn,O3; or Mn;0O,.
They exhibited high specific capacitance that reach as high
as 296.6 F/g and possessed good cycling stability, which
make them potential electrode materials for supercapacitors.
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